To investigate the chemical structure-cytotoxicity relationship of methacrylate-based resin monomers, we studied their effects on anti-oxidant responsive element (ARE)-mediated transcription. HepG2 cells stably expressing an ARE-regulated luciferase reporter gene were cultured for 6 h with various concentrations of several resin monomers and subjected to a luciferase assay. The doseresponse curves observed for hydrophobic monomers with different hydrocarbon chains (MMA, EMA, PMA and BMA) began to rise at concentrations between 0.5 and 1 mM; the curves rose as the monomer concentrations increased up to 5 (BMA), 10 (PMA), or 30 mM (MMA and EMA). In contrast, hydrophilic monomers having a hydroxyl group (HEMA and HPMA) showed bell-shaped curves, and stimulated the reporter expression more strongly than the hydrophobic monomers in a low concentration range (0.5-5 mM). The results suggest that introduction of a hydroxyl group in a methacrylate-based resin monomer increases its intracellular electrophilic reactivity and cytotoxicity.
INTRODUCTION
Methyl methacrylate (MMA), which contains a methacryloyloxy group, is a typical resin monomer used routinely in dental practice. MMA can be set in the oral cavity because the CC double bond in its structure allows rapid polymerization triggered by radical formation. MMA has relatively good biocompatibility, and methacrylate derivatives with several functional groups have been developed for various applications and are widely used. However, it has been shown that these polymers contain 3-5% residual monomers 1, 2) that could damage tissues [3] [4] [5] [6] [7] . For development of biologically satisfactory dental materials, it is important to clarify how residual monomers affect living cells and how the monomer structures are related to their cytotoxicity.
To understand the intracellular action of methacrylate derivatives, we previously performed a DNA microarray analysis to detect genes affected by MMA and showed that MMA increases gene expression of glutathione S-transferases (GSTs) 8, 9) . GSTs are a family of enzymes catalyzing conjugation of glutathione (GSH) with electrophilic xenobiotics and constituting xenobiotic metabolizing phase II enzymes involved in intracellular detoxification of toxic compounds 10, 11) . It is reported that electrophilic xenobiotics and antioxidants enhance transcription of phase II enzyme genes through the anti-oxidant responsive element (ARE) 12) , an enhancer sequence present in the 5'-flanking regions of these genes 11, 13) , and that the ARE plays a key role in expressing GST genes [11] [12] [13] [14] . Based on these lines of information, we studied the effect of MMA on the ARE and showed that MMA indeed increases ARE-mediated transcription of the Gsta1 gene by using a luciferase reporter assay 9, 15) . Available evidence now suggest the following: (1) methacrylate derivatives such as MMA pass through the cellular lipid bilayer membrane, directly modify the cysteine residues on Kelch-like ECH-associated protein 1 (Keap1) 15) , which possesses highly reactive sulfhydryl groups as a cellular sensor for electrophiles 16) , and release the transcription factor Nrf2, which is sequestered under basal conditions by Keap1 (Fig. 1A ) 14, 17) ; and (2) the released Nrf2 then translocates to the nucleus 18) , binds to ARE present in the 5'-flanking regions of GST genes in the genomic DNA 11, 13, 14) , activates transcription of GST genes, and finally results in up-regulation of cytosolic GSTs.
In our recent work 15) , we improved our previous reporter assay system by revising ARE-luciferase reporter plasmid constructs to increase the sensitivity of the system for detecting the effect of methacrylate derivatives on the ARE enhancer activity and by using newly established HepG2 cells stably transfected with the revised constructs (Fig. 1B) . With this system, we observed the following: (1) MMA increased the ARE activity as its concentration was increased up to 30 mM Structure-cytotoxicity relationship of methacrylate-based resin monomers as evaluated by an anti-oxidant responsive element-luciferase reporter assay (A) MMA-related molecules activate ARE-mediated transcription of detoxification genes, such as GST, through the Keap1-Nrf2 pathway and are detoxified through GST-catalyzed conjugation with glutathione. Also shown is the basic principle of our reporter assay system used for measurement of the ARE enhancer activity. Cells were transfected with an ARE-minP-firefly luciferase reporter construct, and AREmediated gene expression was detected by measurement of luminescence. (B) Actual experimental flow of the ARE-luciferase reporter assay system is shown.
without causing cellular GSH depletion and cell death; (2) hydroxyethyl methacrylate (HEMA) increased the ARE activity more intensely than MMA at a low concentration range (1-3 mM), was equipotent as MMA at 10 mM, and had no effect at 30 mM; (3) HEMA detectably lowered the cellular GSH levels at 10 mM. These results then lead us to a tentative conclusion that the effect of HEMA observed at 1-3 mM reflected the cytotoxicity of HEMA. At present, available information is limited on the structure-cytotoxicity relationship of methacrylatebased resin monomers. In this work, we studied the structure-cytotoxicity relationship of methacrylate derivatives carrying extended hydrocarbon chains with or without a hydroxyl group, using the improved AREluciferase reporter assay system and assuming that the effects of the monomers on ARE activity in their low concentration ranges could reflect their cytotoxicity. 
MATERIALS AND METHODS

Resin monomers
Cell culture
HepG2-AD13 cells, subclonal HepG2 cells stably transfected with an ARE-destabilized luciferase reporter vector (pGL4.24-2E-Neo), were previously established 15) . The vector pGL4.24-2E-Neo is a variant of the vector pGL4.24-2E and contains a neomycin-resistant gene (Neo), whereas the vector pGL4.24-2E contains 2 copies of ARE and a minimal TATA promoter (minP) immediately upstream of a synthetic firefly luciferase gene followed by a destabilization sequence 15) . HepG2-AD13 cells were incubated at 37°C under an atmosphere of 95% air and 5% CO 2 in Dulbecco's minimum essential medium (D-MEM) (Wako Pure Chemical Industries) containing 0.292 g/L L-glutamine, 10% heat-inactivated fetal bovine serum (Equitech-Bio, Kerrville, TX), and To obtain water solutions saturated with them, each derivative (1 mL) was added into distilled water (1 mL) and mixed at 37°C for 15 min. The water phase subjected to analysis by reversed phase high-performance liquid chromatography on an ELITE LaChrom system (HITACHI, Japan) equipped with a 150×4.6 mm i.d. column (particle size, 5 µm; pore size, 12 nm; YMC-Pack ODS-A S-5, YMC, Japan). The mobile phase was methanol/ water (70:30); flow rate, 1.0 mL/min; detection, at 205 nm; injection volume, 20 µL; temperature, at 37°C. Aqueous solubility obtained is presented as the mean±SD (n=5) for each derivative.
500 µg/mL G418 (Wako Pure Chemical Industries). Confluent cultures (approximately 80%) were washed with phosphate-buffered saline without calcium and magnesium (PBS (−)), detached with 0.25% trypsin (Wako Pure Chemical Industries), and then sub-cultured.
ARE-luciferase reporter assay
The principle of the ARE-luciferase reporter assay system is shown in Fig. 1A . HepG2-AD13 cells stably transfected with a bioluminescent firefly luciferase gene downstream of ARE allowed ARE-mediated gene expression analysis by measurement of luminescence (the expressed luciferase enzyme luminesces when it is extracted from cells and mixed with firefly D-luciferin substrate). The actual workflow of the ARE-luciferase reporter assay is shown in Fig. 1B . The HepG2-AD13 cells were seeded in 24-well culture plates (Falcon, Corning, NY, USA) at a density of 6.0×10 5 cells/mL (3.0×10 5 cells/well), and then cells were incubated for 24 h at 37°C under 5% CO2. The culture medium was then replaced with 1,000 µL of the fresh medium with or without various concentrations of resin monomers, which were dissolved directly in D-MEM supplemented with 10% FBS (each solution was used immediately after preparation). Cells were then incubated at 37°C for 6 h under 5% CO 2 and rinsed with PBS before attachment of cells on well surfaces was confirmed with a microscope. Thereafter, cells in each well were lysed with 100 µL of Passive Lysis Buffer (Promega, Madison, WI, USA) (the plates were stirred for 15 min with a rotary shaker). The lysates were assayed for firefly luciferase activity by using the Single-Luciferase Reporter Assay System (Promega). Luminescence was measured in relative light units using a luminometer (AB-2200 Ver. 2.61D, ATTO, Tokyo, Japan) with an integration time of 10 s. The ARE activity based on the luminescence intensity is expressed as fold activation to the control value obtained without additives.
Microscopic images
HepG2 cells were cultured as described above for HepG2-AD13 cells, except that the medium did not contain G418. HepG2 cells were seeded in 24-well culture plates, treated with resin monomers, and rinsed with PBS(−) as described in the section 2.3. Cell images were then acquired with an inverted microscope (model IX-81, Olympus, Tokyo, Japan) equipped with a digital camera (model EOS Kiss X4, Canon, Tokyo, Japan). HepG2-AD13 cells were incubated for 6 h with methacrylate derivatives and assayed for the expressed luciferase activity as described in the Methods section. The X-axis shows the concentration of each derivative on the logarithmic scale, and the Y-axis shows the ARE activity relative to the control value obtained without additives. Data are presented as the mean±SD (n=4). The curves for hydrophobic and hydrophilic derivatives were shown in black and red, respectively.
RESULTS
HepG2-AD13 cells, stably expressing an ARE-regulated luciferase reporter gene, were incubated for 6 h with various resin monomers. Figure 4 shows effects of the monomers on the ARE-mediated luciferase reporter expression. Four hydrophobic monomers (MMA, EMA, PMA, and BMA) began to increase the reporter expression by stimulating the ARE enhancer activity at concentrations between 0.5 and 1 mM. The extents of the stimulation increased gradually as their concentrations were increased up to 5 mM (BMA), 10 mM (PMA), or 30 mM (MMA and EMA). The effect of BMA and PMA could not be studied over 5 and 10 mM, respectively, because of their limited solubility in the culture medium and detachment of cells from well surfaces (a number of cells were detached from culture plates during the 6-h incubation and the following rinsing step with PBS). MMA and EMA further increased ARE-mediated reporter expression over 10 mM; and the dose-response curves steeply rose at concentrations between 10 and 30 mM. MMA and EMA, each at 30 mM, increased the reporter luciferase expression by 166.5±5.6-fold and 99.3±9.0-fold, respectively. PMA (10 mM) and BMA (5 mM) increased the reporter luciferase expression by 36.0±9.5-fold and 17.4±6.0-fold, respectively. It was noted that within the concentration ranges studied, the dose-response curves for ARE activation by the four hydrophobic monomers continuously rose as their concentrations were increased. In contrast, the doseresponse curves obtained for two hydrophilic monomers carrying a hydroxyl group (HEMA and HPMA) were bell-shaped with peaks at concentrations between 5 and 10 mM; the curves fell sharply at monomer concentrations over 10 mM and reached low levels at their concentrations of 20 mM. At 5 mM, HEMA and HPMA enhanced the reporter expression by 54.8±2.1-fold and 45.8±3.1-fold, respectively. It should be noted that in a lower concentration range (0.5-10 mM), the two hydrophilic monomers stimulated the ARE activity more efficiently than the hydrophobic monomers. While we previously studied the effect of 30 mM HEMA on cell viability 15) , we here observed that cell viability was decreased after 24 h of incubation with HEMA and HPMA, each at 20 mM. In contrast, cell viability was sustained after 24 h of incubation with MMA and EMA, each at 20 mM (unpublished data).
As described above, HepG2-AD13 cells were detached from culture plates when they were incubated for 6 h with PMA and BMA at or over 20 mM. We therefore studied the effect of resin monomers on cell adhesion to well surfaces using HepG2 cells instead of HepG2-AD13 cells. We confirmed that HepG2 cells were also detached from plates upon their incubation with PMA and BMA, each at 20 mM, during 6 h. Most cells remained attached to culture plates after their incubation for 6 h with EMA (20 mM), a monomer carrying a shorter hydrocarbon chain than PMA or BMA. The same was true with HEMA and HPMA (each at 20 mM), hydroxylated EMA and PMA, respectively (Fig. 5 ). To assess cell viability after stimulated each monomer at concentration of 20 mM for 6 h, 50 µL WST-8 assay by using Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Gaithersburg, MD, USA) solution was added to 500 µL medium per well and incubated for 1 h. Then the absorbance of each well was measured at 450 nm with a microplate reader (Multiskan JX, Thermo Fisher Scientific, Yokohama, Japan). Cell viability was expressed with the control value. Data were presented as the mean±SD (n=3). The number of cells cultured under these conditions was measured by using WST-8 assay, and we confirmed that the cell number was decreased after incubation for 6 h with PMA and BMA at 20 mM (Fig. 6 ).
PMA and BMA at 20 mM formed thin oily layers over the culture medium, suggesting that the culture medium was saturated with these hydrophobic monomers at the concentration. Neither MMA nor EMA formed such an oily layer. We confirmed that the solubility of PMA and BMA in distilled water at 37°C were much lower than those of MMA and EMA (Fig. 3) , although the solubility of the monomers in the culture medium containing serum proteins would be higher than those in distilled water. The thin oily layers were suspected to damage cells by covering the surfaces of the culture medium and limiting permeability of gasses. To test this possibility, we used liquid paraffin, which is insoluble in water and known to block gas permeability by covering the surface of the culture medium. HepG2 cells, however, were not detached after incubation for 6 h in the medium covered with a thin film of liquid paraffin (unpublished data), suggesting that blockage of gas permeability with PMA or BMA did not cause detachment of cells. A possibility exists that extension of hydrocarbon chains in methacrylate derivatives increases interference with cell-cell or cell-well surface adhesion.
DISCUSSION
In this study, we showed all methacrylate-based monomers tested highly stimulated ARE-mediated reporter gene expression in certain concentration ranges. This result and those from our previous studies 8, 9, 15) support the notion that methacrylate monomers enter cells and activate ARE-mediated transcription of phase II detoxification enzyme genes.
We previously showed that HEMA provides a bellshaped dose-response curve for activation of the ARE enhancer and stimulates the enhancer activity more efficiently than MMA in a low concentration range 15) ; it was suggested that the low concentration effect of HEMA on the ARE activity reflected its high cytotoxicity, and that its decreased stimulation of the ARE activity at 30 mM resulted from a nonspecific transcriptional inhibition 15) . In this study, we showed that HPMA had an effect on the ARE activity similar to that of HEMA and provided a bell-shaped dose-response curve for activation of the ARE. In a lower concentration range (0.5-2 mM), HEMA and HPMA increased the ARE activity more effectively than EMA and PMA, respectively (HEMA and HPMA are hydroxylated EMA and PMA, respectively). These results support the notion that introduction of hydroxyl groups into methacrylatebased monomers enhances their intracellular electrophilic reactivities, increases ARE-mediated transcription of phase II detoxification enzyme genes at lower concentrations, and suppresses the transcription at higher concentrations through increased cytotoxicity and resultant cellular damage.
The hydrophobic monomers with different lengths of hydrocarbon chains (MMA, EMA, PMA, and BMA) continuously enhanced the ARE-mediated reporter gene expression as their concentrations were increased in the ranges tested. Thus, there were marked differences between dose-dependent ARE activation curves obtained for hydrophilic monomers each carrying a hydroxyl group and those for hydrophobic monomers. PMA and BMA detached cells from well surfaces at concentrations over 10 and 5 mM, respectively (see above). Neither MMA nor EMA detached cells from well surfaces up to 30 mM. MMA and EMA are known to be biologically safe for the use in dental and orthopedic fields 19) . Our data suggest that MMA and EMA are detoxified over a wide concentration range by the action of induced phase II detoxification enzymes, supporting the notion that they are relatively safe resin monomers. In contrast, PMA and BMA with longer hydrocarbon chains than MMA and EMA decreased cell adhesion to well surfaces. Although the molecular mechanism is still unknown, it is likely that extension of hydrocarbon chains in methacrylate derivatives affects cell adhesion.
This study provides new insights into cellular responses to methacrylate-based resin monomers, which cannot be obtained from the conventional MTT assay measuring cell viability-dependent reduction of MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide). The reporter assay system described above measures ARE-enhancer activity responsible for expression of detoxification enzymes and allows quantitative analysis of intracellular action of electrophilic xenobiotics such as methacrylate-based resin monomers. Our method could be used as an effective and informative tool for the study on the cytotoxicity of dental resin monomers. We expect that cytotoxicity of resin monomers is indicated by stimulation of the reporter expression in their low concentrations.
